index of the contractile state of the left ventricle. Observations of alterations in the end-systolic volume may provide a useful key for differentiating changes in the contractile state of the left ventricle from changes induced by the Frank-Starling mechanism.
Mitchell would agree that the problem was that the very great degree of control of the preparation used in the experimental set-up was impracticable in the intact animal or in patients. In the conscious dog a decrease in end-systolic volume was not obtained by just increasing the contractile state, presumably because the preparation could not be controlled as precisely.
Dr Mitchell agreed that one certainly could not utilize his techniques in man. However, there was a range in which the variation in aortic pressure was not too great to preclude use of theventricular function curve.
Professor Peter Harris (Institute of Cardiology, London WI) said that although aortic pressure was constant, he presumed the pressure in the ventricle must be varying because of the forces involved in different volumes of blood being ejected at different rates. Did Dr Mitchell know to what extent this affected the ventricular function curve? Dr Mitchell replied that it was very difficult to know because, as Professor Harris had pointed out, the load at which the ventricle was working was constantly changing throughout ejection. In Dr Mitchell's studies the mean pressure against which the heart was contracting was kept constant. It would probably have been better to keep left ventricular or mean aortic ejection pressure constant, but this had not been possible.
A Member said that at constant pressure in the ventricle an increase in heart size entailed an increase in force in the wall of the heart. So presumably the real load on the muscle was increased, even though aortic pressure was kept constant.
Dr Mitchell said that Dr Roger Taylor's group had shown that if wall tension was kept constant, the heart retumed even closer to the same end-systolic volume when end-diastolic volume was increased.
Dr Abraham Guz (Charing Cross Hospital Medical School, London) asked what had happened to the descending limb of the Starling curve.
Dr Mitchell replied that usually if one continued to increase the inflow in animals, stroke volume increased with end-diastolic volume until there was mitral incompetence.
Dr Lee (President) asked how much contractile state changed as a result of deterioration of the preparation.
Dr Mitchell replied that some deterioration of the preparation had to be accepted to be sure that the circulatory reflexes were blocked. The carotid sinus nerves and vagi were cut, but there could have been an increase in circulating catecholamines, so the studies were repeated using propranolol; the results were the same, but the animal was much more depressed.
Dr G C van den Bos (Laboratorium voor Fysiologie, Vrije Universiteit, Amsterdam)
Indices of Contractility in the Intact Heart
The heart is a pump which generates energy in the form of pressure and flow, so that it should be possible to characterize ventricular function in terms of these variables. If this is true it might be possible to define contractility unequivocally from these variables or by an index derived from them.
The heart's prime function is to deliver sufficient oxygenated blood to meet the metabolic requirements of the tissues (Braunwald 1971) . Cardiac output in this regard should be a key test of cardiac function, but it gives only limited information about the functional state of the muscle itself. Ventricular function curves also fail as an index of contractility in the intact animal, because changes in contractility can only be indicated if muscle length and resistance to shortening can be kept constant during each experimental intervention, which is impossible. Moreover, only when higher dynamic functions, such as ejection-velocity and acceleration, are kept independent of stretch and resistance to shortening, can they be used as valid indices of contractility. Noble et al. (1966) have indicated that maximum acceleration is very sensitive to changes induced in left ventricular muscle, so that this might be a good index of contractility. They showed that in conscious dogs maximum acceleration did not change if end-diastolic pressure was varied. In our hands variations in left end-diastolic pressure produced both stroke volume changes and small changes in maximum acceleration. In an isolated heart preparation maximum acceleration proved even more dependent on end-diastolic pressure. Maximum acceleration is not independent of resistance to shortening: an extreme example is the isovolumnic beat, in which no blood is ejected and maximum acceleration is zero. Thus I believe that maximum acceleration is not an index of contractility as defined for this meeting.
It seems appropriate now to see whether pressure, or a variable derived from it, can be helpful. Pressure is force per unit area. In the ventricle it is caused by the force in the wall, but wall force and pressure are not linearly related.
Force and rate of force development (dF/dt) have been shown to be functions of initial fibre length, through the Frank-Starling principle. Neither force nor dF/dt can be measured in the intact animal, but since force is somehow related to pressure, investigators have started to look at pressure as well as its rate of change (dP/dt) for information about the heart's force ofcontraction. As early as 1914 Wiggers pointed out that when end-diastolic filling pressure was elevated by increasing the venous return to the heart or the resistance to ventricular ejection, the rate of rise of pressure also increased. Strangely enough this was not the end of dP/dt as an index of contractility, but merely the beginning. Mason (1969) stated that dP/dt was an important expression of the function of the inotropic state of the myocardium, provided that dP/dt was independent of stretch and resistance to shortening. dP/dt does not change in the first few beats after resistance to shortening has been increased.
The rate of rise of ventricular pressure is not initially maximal, but increases gradually during the beginning of systole and reaches its maximum just before ejection starts. Some time must pass before dP/dt (max) is attained. For example, if the isovolumic phase of contraction is too short, because ejection starts early at a low diastolic blood pressure, then dP/dt (max) is also limited. However, if in the following beat the resistance to shortening is higher, dP/dt (max) may increase. This does not mean that the resistance to shortening influences dP/dt directly. One could say therefore that, within limits, dP/dt is independent of resistance to shortening when the heart is considered alone. In the intact circulation this is not quite true, because when reflexes start to act, the situation changes completely.
Still more complicated is the question whether dP/dt is dependent on stretch. Most investigators think it is, because its immediate cause, the rate of rise of wall-force, is linearly related to initial muscle length. Furnival et al. (1970) found in a dog right heart by-pass preparation that dP/dt was not significantly influenced by step-wise changes in end-diastolic pressure from 7 to 14-3 cm H20. Noble (1971, personal communication) and co-workers noticed that in conscious denervated dogs dP/dt did not alter when end-diastolic pressure was varied by passive changes in posture. There is a discrepancy between the results of these authors and those of most other investigators.
In an ejecting isolated heart preparation we found that dP/dt was dependent on end-diastolic pressure whether aortic diastolic pressure was kept constant or not. Similar results were obtained in open-chested dogs where aortic pressure was allowed to vary. In conscious dogs we confirm Noble's findings that dP/dt was not influenced by changes in posture.
These variable results point to the fact that in the relation between initial muscle length and dP/dt, the choice of preparation, experimental circumstances, and other factors all play a role. Thus dP/dt is not an unequivocal index of contractility either.
Siegel & Sonnenblick introduced an index of contractility which was supposed to be independent of stretch and resistance to shortening, namely the ratio of dP/dt and some measure of the isometric pressure (Siegel & Sonnenblick 1963 , Siegel et al. 1964 . This index was previously used by Hartree & Hill for skeletal muscle (1921) . First derived in papillary muscle and isolated heart preparations during isometric contraction, it was later used in intact animals and human beings. When heart muscle is not allowed to shorten during contraction, developed force and rate of change of force are linear functions of initial muscle length, but the time to peak force and time to peak dF/dt are constant. Therefore under these circumstances the ratio of dF/dt to peak isometric force or the integral of systolic isometric force remains constant. If contractility increases or decreases, dF/dt changes disproportionately more than peak force, so that the ratio is no longer constant. Siegel & Sonnenblick claim that the same is true for the ratio of dP/dt and developed isometric pressure in the normally ejecting ventricle. This has been confirmed by others. We have compared the index in an isolated heart preparation at different levels of end-diastolic pressure in two experiments. In one experiment there seemed to be no relation between dP/dt over P and end-diastolic pressure, while in the other experiment a relation seemed to exist. If the index is what it has been claimed to be one is still in trouble in situations where dP/dt is not dependent on stretch, e.g. in conscious dogs. If one then divides dP/dt by a value for isometric pressure that has increased, one is presented with the paradoxical situation that dP/dt is a reasonable index of contractility under those circumstances, while the corrected ratio is not. It seems, therefore, that the ratio of dP/dt over P is also not a valid index of contractility in all circumstances.
Related to the above-mentioned ratio is another index, namely the time taken to develop peak dP/dt, either measured from the beginning of systole or from the ECG R-wave. Siegel et al. (1964) state that the time from the ECG R-wave to maximum dP/dt is independent of fibre length, and that this is true in isolated cardiac muscle, in isolated heart preparations and in the intact organism. This has been corroborated by various authors and may even pertain to conscious denervated dogs (Noble 1971, personal communication) .
We were surprised with results obtained in the isolated heart preparation when the effect of changes in end-diastolic pressure on time to peak dP/dt was studied. It seems that in these experiments time to peak dP/dt decreases with increasing end-diastolic pressure. If these results can be believed, then time to peak dP/dt is yet another measurement which cannot be used as an index of contractility under all circumstances.
Recently a new method of measuring contractility in the intact heart has been proposed (Mason et al. 1970 , Mirsky et al. 1971 . Following a number of assumptions, these authors claim that myocardial contraction velocity (Vce) during isovolumic contraction can be calculated from the equation:
Vc-dP/dt kP where k is an index of series elastic stiffness. Vce measurements are made at 5-ms intervals during isovolumic contraction and the derived values plotted against pressure, to obtain a curve which looks like a force-velocity relationship. If a line through the last few points of the curve is extrapolated to the y-axis, a point is found which is supposedly related to Vmax. The authors found that the curve did not change when initial muscle length or the resistance to shortening were altered, neither did extrapolated Vmax. In the same isolated ejecting heart preparation we repeated the authors' calculations. It had not been explicitly stated by them whether total pressure or developed pressure should be used, so that we have measured both. This gave different results, not only in the form of the curve but in the extrapolated value too, which was not independent of end-diastolic pressure in our experiments. The peak value of the curve in which total pressure had been used appeared to be slightly dependent on stretch.
Again, if these preliminary results can be believed, this new method does not give unequivocal information about contractility either.
My conclusion must therefore be that there is no index of contractility at the present time which is valid under all circumstances. Hardly any of the mentioned indices are fully understood, neither is it completely clear why they differ so much in the hands of various investigators.
